Abstract. The overwhelming scatter which occurs when optical radiation propagates through tissue severely limits the ability to image internal structure using measurements of transmitted intensity. A broad range of methods has been proposed during the past decade or so in order to improve imaging performance. Direct methods involve isolating an unscattered or least-scattered component of transmitted scattered light. Indirect methods generally involve measuring some characteristic of the temporal distribution of transmitted light, or an equivalent in the frequency domain, and obtaining a computational solution to the inverse problem. In this paper, we review the experimental techniques which have been proposed in order to explore both direct and indirect imaging. The relative merits and limitations of the various experimental methods are discussed, and we consider the future directions and likelihood of success of optical imaging in medicine.
Introduction
Over the past decade the area of applied research known as biomedical optics has flourished. This fact is demonstrated by the steadily increasing number of international conferences and scientific journals that are devoted to it (Chance 1991 , Muller 1993 , Alfano 1994 , Chance and Alfano 1993 . One of the principal goals of biomedical optics, and arguably its most ambitious, is the development of a diagnostic imaging modality based on near-infrared (NIR) radiation. Optical imaging presents several potential advantages over existing radiological techniques. First, the radiation is non-ionizing, and therefore reasonable doses can be repeatedly employed without harm to the patient. Second, optical methods offer the potential to differentiate between soft tissues, due to their different absorption or scatter at NIR wavelengths, that are indistinguishable using other modalities. Third, specific absorption by natural chromophores (such as oxy-haemoglobin) allows functional information to be obtained. NIR imaging research has focused on a variety of possible clinical applications. Potentially the most important is the development of a means of screening for breast cancer, particularly if a specificity and sensitivity exceeding that of x-ray mammography can be achieved. Screening demands a spatial resolution of a few millimetres or better in order that tumours can be distinguished from surrounding healthy tissue while they are still small in size before metastasis occurs and treatment becomes more difficult. Another significant goal is to extend the success of NIR spectroscopy (Jöbsis 1977, Cope and to develop a cerebral imaging modality for mapping structure and function in newborn infants, and possibly adults too. This application would not require such high spatial resolution as breast imaging, and 10 mm would probably be 0031-9155/97/050825+16$19.50 c 1997 IOP Publishing Ltd adequate. There is also considerable interest in the development of methods to obtain submillimetre resolution images of tissue a few millimetres in thickness (Yadlowsky et al 1995 , Bouma et al 1995 or transparent tissues such as the eye (Huang et al 1991) . However, in this review microscopy and ocular imaging techniques are only included in the cases where a potential to image through larger thicknesses of highly scattering tissues has been claimed.
The first significant attempt at diagnostic imaging using optical radiation was made by Cutler (1929) , who transilluminated the female breast with a bright light source in a darkened room. However, even these early experiments revealed that the multiple scattering which occurs when light propagates through tissue causes features below the surface to appear extremely blurred. Despite attempts to improve breast transillumination by employing nearinfrared sources and detectors (Lafreniere et al 1986 , Profio et al 1989 , clinical trials have demonstrated that its clinical utility is severely limited (Monsees et al 1987) .
The scatter coefficient µ s of many soft tissues has been measured at a variety of optical wavelengths, and is typically within the range 10-100 mm −1 (Cheong et al 1990) . As a consequence, measurements of transmitted intensity through more than a few millimetres of tissue are dominated by scattered light, and imaging contrast is largely governed by photon interactions at the surface. The severity of scatter generally decreases with increasing wavelength, although the choice of wavelength is complicated by the need to consider the relative optical characteristics of the different tissues under investigation, the availability of suitable sources, and the sensitivity of the detector. The characteristic scatter of tissues is commonly expressed in terms of the transport scatter coefficient µ s = µ s (1 − g), where g is the mean cosine of the single scatter phase function. Typically µ s is about 1 mm −1 for breast and neonate brain tissues, but is larger for muscle and the adult brain. The other important fundamental characteristic of tissue is the absorption coefficient µ a . Although absorption by water, the dominant component in most soft tissues (Matcher et al 1993) , generally increases with wavelength, very strong absorption by haemoglobin in blood at wavelengths less than 600 nm limits the radiation that can be used for imaging through several centimetres of tissue to the red and NIR region. A steady decrease in scatter also favours the use of longer wavelengths, although significant water absorption prevents the use of wavelengths in excess of about 1 µm.
In general, researchers have approached the task of improving the performance of transillumination in two ways. The so-called direct approach is based on a reasonable assumption that photons which are least scattered provide inherently better spatial resolution and contrast since they propagate closest to a straight line through the tissue. Imaging therefore involves appropriate filtering, or 'gating', to isolate this transmitted component from the majority of the multiply scattered light. A broad variety of gating techniques have been proposed and tested experimentally. Some methods rely on a fraction of photons being able to propagate without scatter or loss of initial coherence or polarization state, while other methods gate according to the lengths of the photon paths. The second, indirect approach is based on the assumption that, given a set of measurements of transmitted light between pairs of points on the surface of an object, there exists a unique three-dimensional distribution of internal scatterers and absorbers which would yield that set. Thus imaging becomes a task of solving an inverse problem using an appropriate model of photon transport. In principle, the measurements could be of any type, even total transmitted intensity. However, the measurement of one or more characteristics of the temporal distribution of transmitted light, or an equivalent in the frequency domain, is considered more suitable. Mean photon flight time, for example, is found to be far less dependent on surface interactions than total transmitted intensity. Many of the experimental systems used for optical imaging of tissues employ pencil beams of light and detectors with small sensitive areas. Therefore direct imaging often involves scanning the line of sight over a two-dimensional surface, as illustrated in figure 1(a). For optimum spatial resolution, coaxial scanning requires the detector area to be small, which results in the worst resolution occurring at the midplane between the entrance and exit surfaces (Hebden and Kruger 1990) . Indirect methods generally involve detection at multiple sites for each source position. The most common sampling configuration is shown in figure 1(b) , where detectors are arranged around the circumference of the tissue, and a source is moved to successive points around the same circumference. Whereas direct methods produce single-projection images, indirect imaging enables slice images to be obtained in a manner analogous to x-ray computed tomography. A companion to this paper (Arridge and Hebden 1996) reviews indirect methods including models of photon transport and recent approaches to image reconstruction. In this paper we review the miscellaneous experimental techniques which have been proposed, and examine their merits and limitations.
Imaging methods

Collimated detection
In circumstances where the scatter of light within a medium is not too great, a collimator aligned co-axially with an incident beam of light can be employed effectively to isolate unscattered photons. Jarry et al (1984) designed a scanning collimated transillumination system to image small metal objects embedded in 1.5 cm thicknesses of mammalian tissue. It was reported that although 3 mm wide objects could be observed deep inside the sample, 1 mm diameter objects could only be observed near the surface. A sophisticated computerized tomographic device based on collimated transillumination has been employed by Jackson et al (1987) to obtain slice images of opaque rods embedded in paraffin wax. Again resolution was noticeably worse for deeper objects. Another collimated system, recently described by Wist et al (1993) , demonstrated the ability to observe 1.5 mm detail through 6 mm of breast-equivalent scattering material. A scanning laser beam system employing a degree of collimated detection was constructed for breast imaging studies by Kaneko et al (1989) . Despite relatively enthusiastic claims of some utility to detect certain tumours (He et al 1990) , the spatial resolution and the demonstrated specificity were both poor. Meanwhile Wang et al (1993) have investigated an equivalent technique which employs a lens to produce the Fourier spectrum of the spatial distribution of light on the exit surface of a transilluminated object. By removing the high-order frequencies using a spatial filter, an image can be produced using only the light emitted at angles close to the normal to the exit surface of the object.
The gain in spatial resolution achieved by collimated detection or spatial filtering is severely hindered by the detection of photons which are scattered back along the original line of sight. As the scatter occurring within the medium increases, the proportion of unscattered light decreases, and coaxial collimation no longer provides improvement in spatial resolution (Hebden and Kruger 1990) . The maximum tissue thickness for which this approach is applicable is roughly given by
where I 0 is the source intensity and I d is the smallest detectable intensity. Even for the largest possible safe exposures and the most sensitive detectors, this limit corresponds to a thickness of just a few millimetres of human soft tissues.
Polarization discrimination
Photons which undergo a sufficiently large number of scatters will experience a complete randomization of their initial polarization state. However, studies have shown (MacKintosh et al 1989, Yoo and that, in an anisotropically scattering medium, a significantly larger number of scatters are required to randomize the polarization of a circularly polarized wave than are required to randomize its direction of propagation. The use of this fact to discriminate between short-and long-path photons in scattering media has been explored theoretically and experimentally by Schmitt et al (1992) . The ability to measure a 0.1% fraction of circularly polarized signal through scattering suspensions of polystyrene spheres was demonstrated, indicating that it should be measurable through tissues up to 10 mm thick. Monte Carlo simulations and laboratory experiments reported by Bruscaglioni et al (1993) indicate that total depolarization is reached after a penetration depth equivalent to ten transport scattering mean free paths (equal to the reciprocal of the transport scatter coefficient), which again suggests that polarization discrimination will not be effective for imaging through more than about a centimetre of soft tissue.
Coherent gating
A broad variety of imaging methods have been investigated which involve attempting to exploit the fact that, whereas unscattered photons retain coherence and phase, these properties are destroyed by multiple scattering. Coherent gating requires that the light transmitted through the turbid medium is combined spatially and temporally with a reference beam. Although the performance of the coherent methods described below differ in terms of gating efficiency and gate window length, they all require the existence of a transmitted coherent component.
Holographic gating.
The first practical demonstration of so-called light-in-flight holography was presented by Abramson (1978) . This technique involves illuminating an object with a short-coherence-length beam, and combining the reflected light with a reference beam delivered directly from the same source. The interference recorded on a photographic plate produces holographic images revealing two-dimensional depth-dependent contours across the surface of the object. The shorter the coherence length of the source, the higher the depth resolution. This method has since become more generally known as holographic gating, and commonly employs short pulses to achieve the gating . To produce interference, the reference pulse and the object pulse must coincide within the pulse duration, or within its coherence time if it is shorter. A method of imaging through tissue using short pulses with shorter coherence times was proposed by Spears et al (1989) . However, multiple scattering in tissue soon randomizes the phase of the electromagnetic vectors, and as thickness increases the coherent signal rapidly diminishes. The incoherent component also impinges on the detector and represents a uniform background which decreases the fringe contrast. The pursuit of improved spatial resolution and contrast has provoked the use of shorter pulses and more sensitive detectors. Electronic holography methods and other novel recording schemes (Rebane and Feinberg 1991) have been proposed to improve contrast, and femtosecond pulses have been used to improve resolution . Although signal averaging and computer processing have been employed to decrease its influence, the presence of the incoherent background significantly limits the signal-to-noise ratio (SNR). However, Hyde et al (1995) have recently demonstrated the use of photorefractive crystals to record depth-resolved twodimensional holograms without the contamination of the incoherent component. Images through mildly scattering media have been demonstrated with 2 mm depth resolution.
Heterodyne detection.
An alternative means of isolating the coherent portion of transmitted light through tissue is that known as heterodyne detection. This involves recording the beat frequency generated when a beam of light is combined spatially and temporally with a frequency-modulated reference beam. Since only the coherent portion interferes with the reference beam, the isolated beat frequency has an amplitude proportional to its intensity. Heterodyne systems based on the Mach-Zehnder interferometer have been demonstrated by several investigators, and sensitivities in excess of 100 dB have been achieved (Inaba et al 1990 , Hee et al 1993a , b, Schmidt et al 1995 . Probably the first demonstration of tissue imaging using heterodyne detection was described by Inaba et al (1990) , who used a computed tomography system to obtain a cross-sectional image of chicken tissue. This system was later used to obtain images of a new-born mouse head, approximately 1 cm diameter (Inaba 1993) . Hee et al (1993b) successfully obtained a coherent signal through 15 mm of chicken breast tissue at a wavelength of 830 nm. Chan et al (1995) have demonstrated the use of heterodyne detection at 1.3 µm, and have suggested that this wavelength would be suitable to image water content in tissue. This detection method has been widely used in optical coherence tomography (Huang et al 1991) , which is an effective tool for imaging thin or non-scattering tissues at the sub-millimetre scale.
Nonlinear techniques.
A number of techniques have been developed which attempt to isolate unscattered or least-scattered light through tissue by exploiting various nonlinear phenomena which occur when certain materials are illuminated by radiation at certain wavelengths. Some of these methods, described in subsection 2.4, do not rely on the coherence of the detected signal, but require a source of short pulses. Alternatively, methods which require detection of a coherent signal can be implemented using continuous-wave (CW) or long-pulse sources. One such method is based on the nonlinear optical phenomenon known as coherent anti-Stokes Raman scattering (CARS). This involves the generation of a signal at a separate wavelength (anti-Stokes radiation) by coherent interference of two beams within a CARS cell , Bashkansky et al 1994 . Sharp images of test patterns obscured by scattering media have been generated. Sappey (1994) describes a similar technique which exploits an optical phenomenon known as resonant degenerate four-wave mixing (DFWM). A signal produced by resonant atomic or molecular transitions within a dye cell carries information about the coherent interaction between a probe beam transmitted through a scattering medium and a reference beam. The signal is in the form of a phase conjugate of the probe beam, which facilitates its separation and detection without contamination by the incoherent component. This technique has also been verified by imaging test patterns obscured by scattering media.
Ultrafast shuttering
The sub-nanosecond gating times which are required to isolate less-scattered photons from the majority of light transmitted through thick turbid media eliminates the possibility of using mechanical shutters. However, certain nonlinear optical phenomena can be exploited in order to sample the intensity of diffuse light over a short period of time of arbitrary length. Sampling is performed by modulating the intensity passing through the gate, either by amplifying the signal of interest (nonlinear amplifier) or attenuating the unwanted light (Kerr gate). The advantage these shuttering methods have over techniques described so far is that in principle the detection of unscattered or coherent light is no longer essential.
The Kerr gate.
Probably the first attempt at tissue imaging using ultrafast optical technology was reported in 1980 by Martin et al (1980) , who used a fast-shutter device described by Duguay and Mattick (1971) to obtain reflection images of an isolated mammalian heart. The shutter consisted of a Kerr cell in which birefringence was induced using short infrared pulses. The cell was located between crossed polarizers so that birefringence produced an increase in the overall transmission from about 0.01% to about 20% for the duration of the pulse. By recording the light transmitted through the cell electronically or using conventional photography, the shutter enables time-gated images to be acquired with a temporal resolution of a few picoseconds. High-resolution images through scattering media may be obtained by selectively sampling the transmitted photons with the shortest flight times. This technology has been investigated thoroughly by Alfano and coworkers at CUNY. Wang et al (1991) have reported using an optical Kerr gate system to obtain sub-millimetre spatial resolution through 3.5 mm of human breast tissue. A sophisticated system described by Kalpaxis et al (1993) employed a backprojection reconstruction algorithm to obtain three-dimensional images of an object embedded in a 55 mm scattering cell containing intralipid solution. Liang et al (1995) combined a Kerr gate system with the spatial filtering technique in an attempt to further improve spatial resolution. Unfortunately, the performance of Kerr gate imaging techniques is ultimately limited by the dynamic range of the transmission opacity of the cell, which is typically no better than 10 4 . Thus the shortest-flight-time photons cannot be sampled accurately when their number represents much less than a few per cent of the total transmitted intensity. Therefore a centimetre or so of tissue would appear to be the maximum thickness for which Kerr gating would be an effective method of isolating shorter-flight-time photons.
The Raman amplifier.
Reintjes and colleagues at the NRL in Washington have created a fast time gate using stimulated Raman scattering (SRS). This phenomenon can be exploited using either short laser pulses or longer laser pulses with short coherence times . SRS is a nonlinear Raman interaction that occurs in specific materials such as hydrogen gas, and involves the amplification of a longwavelength (Stokes) beam by a shorter-wavelength pump beam. The difference between the wavelengths must be equal to a fundamental vibrational frequency of the material. The SRS system can be operated as a time gate by selectively amplifying only the earliest light transmitted through scattering media. The contrast in opacity of the SRS gate depends on the amplification, which can be as high as 10 6 . As for the Kerr cell, the gating method does not rely on the coherent properties of the light, and the duration of the gate depends on the pulse length of the pump beam. Reintjes et al (1993) have successfully imaged through several millimetres of tissue, but again the finite range in opacity of the gate limits the ability to isolate the early signal from the vast majority of transmitted light. Bashkansky et al (1994) have also demonstrated a method which uses the sensitivity of the Raman amplifier to the polarization state of the laser to prevent unamplified, incoherent Stokes light from reaching the detector. However, this advantage is only applicable to media through which a coherent signal can be detected.
Second-harmonic generation.
Illumination of certain nonlinear crystals by two coincident and parallel beams of light can produce emission of a beam at exactly twice the incident frequency. The first attempt to exploit this phenomenon, known as second-harmonic generation (SHG), to image through scattering media was reported by Yoo et al (1991) . Subpicosecond laser pulses were split into two beams, and one was passed through a scattering medium. By recombining the beams spatially and temporally within a nonlinear crystal, light at the second-harmonic frequency was produced. This signal was detected using a lock-in amplifier, and one-dimensional images were obtained though a medium of thickness equal to 28 scattering mean free paths. Although the beams need not be coherent, the effective aperture of a system is limited by the second-harmonic phase-matching acceptance angle. As a consequence, a beam of scattered photons will only combine with the reference beam to yield a second-harmonic signal if they are almost exactly parallel. This gating method is also severely limited by the poor SHG conversion efficiency of nonlinear crystals. A three-dimensional SHG imaging technique has been investigated by Yan and Diels (1992) , who conclude that employing thinner crystals provides greater acceptance angle, but at a cost of less conversion efficiency.
The parametric amplifier.
Another type of high-gain ultrafast amplifying gate has been demonstrated by Faris and Banks (1994) and by Watson et al (1995) using a phenomenon known as optical parametric amplification (OPA). If light pulses transmitted through a scattering medium and a frequency-doubled reference pulse are combined spatially and temporally within a nonlinear crystal, light will be emitted at frequencies equal to the sum and difference of the two beams. Faris and Banks (1994) used sum-frequency generation to image through a 4 cm thickness of intravenous fat emulsion equivalent to about 25 scattering mean free paths. The sum-frequency beam was easily separated from the two original beams by employing appropriate filters. The investigators suggested that a potential advantage of this technique is the facility to image at longer NIR wavelengths at which tissues are less highly scattering while detecting the signal of interest at shorter wavelengths at which detectors are more efficient. Watson et al (1995) exploited the high small-signal gain (around 10 4 ) of their frequency-differencing system to image through a medium of thickness equal to 20 scattering mean free paths with sub-millimetre resolution. As for the SHG method described above, the requirement for collinear phase matching severely limits the angular selectivity of OPA. So far only unscattered light has been amplified in practice. 
The streak camera
The temporal distribution of photons produced when a very short (a few picoseconds) pulse of light is transmitted through a highly scattering medium is generally known as the temporal point spread function (TPSF). This is illustrated in figure 2(a) . For several centimetres of soft tissue, the TPSF will extend over several nanoseconds, and for safe exposures there is no realistic hope of detecting an unscattered, polarized, or coherent component. The ideal time gate detector is one which can sample transmitted photons over any temporal window without contamination by photons arriving outside the window. The device which comes nearest to this ideal is the optical streak camera. Streak cameras are able to record entire TPSFs along a single line of sight with a temporal resolution of between 1 and 10 ps. The first streak camera measurements of tissues were described by Delpy et al (1988) , who measured the TPSF through the head of a rat. Within three years the streak camera had been used by Ho et al (1989) to detect hidden objects in scattering media (using reflected laser pulses), and by Hebden et al (1991) to generate the first two-dimensional time-gated images. The latter were obtained by integrating transmitted intensity over a variable interval t following the time at which an unscattered photon would have been detected.
During the past 5 years the versatility of streak cameras has enabled many fundamental experiments to be performed to explore the potential and limitations of time-gated methods, with particular emphasis on the feasibility of breast imaging. A streak camera was recently used by Mitic et al (1994) to obtain a series of breast TPSF measurements, enabling in vivo optical properties of breast tissue to be derived. The results have been used to construct realistic tissue-equivalent phantoms (Hebden et al 1995b) , which have allowed more meaningful evaluations of imaging performance. Experiments have shown that, as expected, an increase in spatial resolution correlates with a decrease in minimum photon flight time (Hebden 1992) . The practical limitations of time gating which have been explored using streak camera measurements will be discussed in section 3.
Streak camera measurements have also been used to generate tomographic slice images. A conventional filtered backprojection algorithm was employed by Hebden and Wong (1993) to obtain time-gated images of a cylindrical phantom with a diameter equivalent to a few hundred scattering mean free paths. However, filtered backprojection requires that attenuation is both linear and independent of geometry, neither of which is true for scattered light. More legitimate and robust image reconstruction methods have been demonstrated by Schweiger et al (1993) , who used streak camera measurements of mean flight time to obtain a tomographic slice image of a highly scattering cylindrical phantom. These and other reconstruction methods are reviewed in the companion to this paper (Arridge and Hebden 1996) . The principal disadvantages of streak cameras compared to other time-gate technologies are the high cost and relatively small effective light collection area (about 1 mm 2 ).
TAC systems
An alternative means of measuring entire TPSFs through large thicknesses of tissue is a device based on the time-to-amplitude converter (TAC). Berg et al (1993) describe a system in which the signal from a photon-counting micro-channel plate photo-multiplier tube (MCP PMT) is fed to a TAC via a fast amplifier and discriminator. A temporal resolution of about 50 ps has been achieved. The system has been used to measure the TPSF through breast tissue samples, and facilitated the first time-gated images of a tumour within a 30 mm thick breast sample. The same system has also been used to acquire time-gated images through various highly scattering phantoms, animal tissues, and the human hand (Andersson-Engels et al 1990).
Another TAC-based system has been employed by Benaron and Stevenson (1993) to acquire images of a dead 10 d old rat suspended in blood. As the rat was scanned across the source-detector axis, instead of calculating intensities for a fixed time gate t, the investigators calculated the variable time window at which a fixed percentage of transmitted light was detected. The same system has been adapted to acquire tomographic slice images of cylindrical phantoms (Benaron et al 1994b) and of the neonate brain (Benaron et al 1995) . The neonate images, which reveal severe incidence of brain haemorrhage, were reconstructed from temporal measurements using various analytical methods (Benaron et al 1994a) . The sensitivity of the images to tissue oxygenation was enhanced by generating the ratios of data acquired at 850 nm (strong absorption by oxy-haemoglobin) to that acquired at 785 nm (corresponding to almost equal absorption by oxy-and deoxy-haemoglobin).
Compared to the streak camera, TAC systems offer a superior light collection area at a substantially reduced cost. However, the photon count rate is limited by the state-of-the-art electronics (currently around 10 5 counts s −1 ), and temporal resolution is limited by the transit time spread of PMTs or MCP/PMTs (about 50 ps at best). A two-dimensional time-resolved imaging system based on a TAC and a single photomultiplier tube with position-sensitive resistive anode has been demonstrated by Charbonneau et al (1992) . The system enables images to be acquired with a gating time of about 100 ps.
Other time domain technologies
A time-resolved measurement system which consists of a very fast photodiode and a 50 GHz digitizing oscilloscope is described by Haller and Depeursinge (1994) . The overall temporal resolution of about 10 ps is comparable to that of a streak camera. Current trends in the development of ultrafast electronics suggest that increasingly fast and less expensive devices will continue to become available over the next few years. One example of new detector technology is presented by Kirkby and Delpy (1995) , who describe a method of sampling the TPSF using a cross-correlation technique involving an avalanche photodiode detector (APD).
A device with temporal resolution of a few hundred picoseconds has been demonstrated using relatively inexpensive components. The most severe limitation of these particular technologies is the very small active area (100 µm diameter) of the fast photodiodes and APD.
Frequency domain methods
Since any measurement in the time domain can be equivalently expressed in the frequency domain, techniques have also been developed which have sought to acquire transmitted light information in the frequency domain directly. As illustrated in figure 2(b), frequency domain techniques involve illuminating the object with an intensity-modulated beam, and measuring the AC modulation amplitude and phase shift φ of the transmitted signal, typically using a standard heterodyne method. The transport of the modulated beam is often described in terms of the propagation of so-called photon density waves. According to the analysis of Fishkin and Gratton (1993) , the wavelength of a photon density wave in a nonabsorbing medium is given by
where c is the velocity of light in the medium, and f is the modulation frequency. In principle, if a range of different frequencies is employed, the TPSF can be reconstructed with arbitrary precision. The principal advantage over time domain measurement is that CW light sources and detectors, which are generally less expensive, can be employed. A significant disadvantage is that sources that can provide significant power at very high frequencies are not yet available. Most experimental work performed so far has utilized frequencies of a few hundred megahertz, which is equivalent to a temporal resolution of a few nanoseconds, and photon density wavelengths of the order of a metre. However, the phase shift observed for a single frequency is sufficient to estimate the first moment of the TPSF, the mean flight time.
The first frequency domain measurements of photon migration in tissues were reported by Lakowicz and Berndt (1990) . Since then, several researchers have demonstrated the ability to detect and image absorbing and scattering objects embedded in highly scattering media using frequency domain systems. Berndt and Lakowicz (1991) used a system operating at a modulation frequency of 152 MHz to detect and localize large cylindrical absorbers embedded within a volume of aqueous coffee creamer solution. Sevick et al (1992) used a direct method to image a phantom consisting of a 3 mm diameter black sphere suspended in a container filled with Intralipid solution. Measurements of modulation amplitude and phase shift were made in the absence and in the presence of the sphere, using a single source position and multiple detector positions. Various frequencies up to 137 MHz were investigated. Images were acquired which represented the difference in phase shift due to the absorber, and the ratio of the modulation amplitudes. As expected, greater spatial resolution was observed at higher modulation frequencies.
By considering the interaction of photon density waves with an absorbing plane with a sharp edge, Fishkin and Gratton (1993) were able to study the spatial-resolving power of frequency domain methods. Experimental measurements and Monte Carlo simulations were used to confirm that, using an acquisition geometry consisting of a collinear source and detector scanned in unison, the spatial resolution improves with increased modulation frequency. This work also appeared to suggest that direct imaging would require frequencies of several gigahertz in order to achieve a spatial resolution substantially better than that obtained using simple intensity measurements. A frequency domain system which employed this geometry was used by Gratton et al (1993) to obtain the first in vivo images, using a 152 MHz source. The authors claimed that their human hand images, representing the phase shift and modulation amplitude, revealed internal structures such as bones and blood vessels with millimetre resolution. This work was soon followed by reports of the first functional images using frequency domain measurements, by Maris et al (1994) . Phase angle and intensity maps of the dorsal surface of the forearm were produced before, during, and after isotonic exercise of the finger muscles. A 152 MHz, 670 nm source and detector placed 3.1 cm apart were scanned across the same side of the adult forearm. The images, generated from the difference in signals obtained during exercise, respond to the increased absorption of deoxygenated haemoglobin resulting from increased oxygen metabolism during the exercise.
Images of 12 mm diameter absorbing and scattering spheres embedded in Intralipid have also been generated by O'Leary et al (1995) using a 220 MHz system. They employed a novel arrangement consisting of two sources, 1 cm apart. The source pair and single detector were scanned in unison along opposite sides of a 6 cm × 6 cm square. They employed an imaging algorithm which uses the differences between the signals due to each source to reduce the effect of errors resulting from incorrect estimation of the background optical properties. The sources, detector, and spheres were all inserted deep within the Intralipid, so that the algorithm could treat the medium as effectively infinite. The authors conclude that high modulation frequencies will yield better resolution when imaging tissues of low average absorption such as the breast, but there is little frequency dependence for tissues with high average absorption.
A sophisticated multi-detector instrument described by Jiang et al (1995) is able to measure phase shift and modulation amplitude at 16 positions simultaneously. By arranging the detectors at regular intervals around the circumference of a 86 mm diameter cylindrical phantom and placing a 150 MHz source at successive points on the same circumference, the investigators obtained simultaneous images of the internal absorption and scattering coefficients. The Intralipid contained within the cylinder corresponded to a transport scatter coefficient of 0.6 mm −1 . Images were reconstructed using a finite-element-based algorithm described by Paulsen and Jiang (1995) . Objects embedded within the Intralipid were revealed with a contrast in proportion to their known scatter and absorption, and without requiring a measurement of the phantom minus the objects. The same experimental system and phantom was also used by Pogue et al (1995) to obtain images using an iterative Newton-Raphson algorithm.
Although relatively little information appears in the published literature, some industrial companies are known to have already built breast imaging devices based on frequency domain measurement. Separate preliminary clinical trials have already been performed using prototypes at Carl Zeiss and Siemens in Germany. The breast imaging system at Carl Zeiss is briefly described by Kaschke et al (1994) , who present a preliminary image of a normal female breast obtained at 690 nm using a modulation frequency of 110 MHz. Data are acquired by scanning a collinear source and detector over a two-dimensional plane. Another breast image acquired with the system using a wavelength of 685 nm is presented by Fantini et al (1996) . Excellent detectability of a tumour within the breast is demonstrated. The authors stress the importance of being able to correct transmission images for effects due to the variable thickness of the breast, and the proximity of boundaries. Following extensive studies of the in vivo optical properties of breast tissue (Mitic et al 1994) , a group at Siemens have also built a frequency domain breast-imaging system. However, the specifications of the system and the results of clinical trials have not been widely published at this time. Investigators at Philips Research Laboratories in The Netherlands are also known to be interested in the commercial possibilities of frequency domain systems, and have published results of preliminary experiments (Papaioannou et al 1995) .
Discussion
For direct imaging, which does not require solution to the inverse problem and where each individual measurement corresponds directly to a single pixel in the final image, evidence indicates that the best spatial resolution is achieved using information about the least-scattered photons. Although this can be obtained in either the time or frequency domain, current technological considerations make the time domain more attractive. For indirect imaging, where the achievable spatial resolution is linked with the ability of the reconstruction method to yield a unique solution, measurements of mean flight time or some other characteristic of the TPSF may be sufficient. If so, then frequency domain imaging systems have an advantage over time domain systems in terms of both simplicity and cost.
The performances of direct imaging methods are relatively easy to quantify and to predict. The effectiveness of any gating method depends strongly on the thickness and degree of scattering of the tissue. Hee et al (1993a) estimate that, for safe exposure levels, optical imaging methods which rely on the detection of unscattered photons will be reduced to the shot-noise detection limit when the tissue thickness is only about 36 scattering mean free paths. For most soft tissues at NIR wavelengths this implies that the methods will be limited to thicknesses no greater than a few millimetres. Light can retain partial directionality, coherence, or polarization after a small number of scatters, but there is no convincing evidence to suggest that these criteria can be used to provide an effective imaging method for thicknesses much greater than a centimetre. However, optical coherence tomography has clearly developed into a very effective method for imaging tissues at the sub-millimetre scale. In principle, ultrafast shuttering methods offer a greater imaging utility when all transmitted light is highly scattered. However, the dynamic range of the Raman amplifier and the Kerr gate would appear to be insufficient for isolating least-scattered light through tissue several centimetres thick, and the angular selectivity of the SHG and the OPA methods appear to be prohibitively small.
The streak camera is able to isolate least-scattered photons through many centimetres of tissue with excellent precision. However, in order to sample many lines of sight using a streak camera's small collection area, either the detector must record TPSFs consecutively, which is too slow, or multiple detectors must be employed, which is too expensive.
Electronic TAC systems therefore appear to be the best option currently available for a multi-detector time domain system, albeit with a temporal resolution and photon count rate that are inferior to those of the streak camera.
Even if a device existed capable of detecting every transmitted photon with arbitrary precision, the scarcity of photons with the shortest pathlengths limits the spatial resolution that direct imaging methods are able to achieve. Experiments (Hebden et al 1995a) and Monte Carlo simulations (Zaccanti and Donelli 1994) have both indicated that time-gated imaging of the human breast is unlikely to surpass a spatial resolution of about 1 cm, which falls short of the performance required of a clinical system for routine screening of breast disease. A further improvement in spatial resolution therefore relies on higherspatial-resolution information being encoded within the available distribution of longerflight-time transmitted photons. A recourse to indirect imaging methods is therefore indicated. However, a semi-direct method of enhancing spatial resolution performance has been explored with some success. This involves improving the estimation of the intensity of short-pathlength photons by fitting a mathematical model of photon migration to all or part of the measured temporal distribution (Hebden et al 1995a, b) . The model is then used as a noise-free estimate of the original data, and images are created using the predicted intensities of short-pathlength photons. This method has been successfully employed to obtain images of a solid plastic breast phantom (Hebden et al 1995b) with sub-centimetre spatial resolution. However, this SNR enhancement technique is dependent upon how accurately the model can infer the true population of short-pathlength photons, and overall experimental evidence suggests that the spatial resolution limit for breast imaging is likely to be around 5 mm.
The potential utility offered by indirect imaging methods is discussed in our companion paper. For many potential applications, such as neonate brain imaging, the development of robust imaging algorithms is essential. For others, such as breast imaging, direct or semi-direct methods may still be an effective solution.
